In mobile hydraulic applications, such as the bucket functions of a wheel loader,
Machine efficiency, working accuracy and reduced operator fatigue are possible benefits. From an economic stand point, the automation must be realized with inexpensive and reliable components, which means minimizing the complexity and number of physical components. For these reasons, it was of interest to introduce some level of automation to the bucket functions of a wheeled loader using proportional valves. In this paper the problems of achieving flow control in a load sensing system employed on the wheel loader using proportional valves are addressed.
In particular, development of a flow control strategy involving mapping of the valve pressure/flow characteristics is investigated.
INTRODUCTION
The standard method of achieving flow control in a load sensing system with a varying load such as that found on a wheel loader, is to introduce a proportional orifice in series with a hydrostat. This configuration, as illustrated in Figure 1 , preserves a constant pressure drop across the metering orifice (a) thereby allowing the flow through the valve to be approximately a function of the spool displacement as illustrated by the so called turbulent orifice shown here as Eqn. (1) It is evident from Figure 1 that the hydrostat (b) and the metering (a) orifices act in series with mechanical feedback from the load pressure, PL, and the internal valve pressure, Pm, to determine the size of the hydrostat orifice such that the appropriate value of Pm is maintained. Thus, it follows that any valve is capable of achieving the same flow control action providing it can create the same physical resistance to fl ow between the supply and the load based on feedback pressure as the system in Figure 1 .
Investigation of using proportional valves for the control of hydraulic actuators has been examined in [2] . Further work was performed by the same group on the improvement of the dynamic performance of this class of valve using feed forward and feedback adaptive techniques [3] .
Control of flow using proportional valves often reaches a practical limit because of the difficulty in characterizing the pressure/flow relationship across the spool orifice. This is addressed in [4] with an approach that quantifies the orifice discharge coefficient over the entire range of the valve spool displacement.
The remainder of this paper outlines a method of using an experimentally determined pressure/flow relationship to achieve flow control using a single proportional valve in a load sensing system. This method does not require direct flow measurement feedback, but rather predicts the necessary spool position to achieve a desired flow based on pressure measurements across the valve. The spool position is controlled in the closed loop with position feedback from an integrated LVDT. Some preliminary results using this method are presented and qualitatively compared to a flow control circuit employing a flow meter in the loon.
FLOW CONTROL USING A FLOW METER IN THE LOOP
The most easily implemented method to control flow involves direct feedback from a flow metering device. Direct measurement and error comparison of desired flow and actual flow allow for accurate and relatively fast flow control. Problems associated with this approach are twofold. First, a flow sensor must be introduced into the system.
In mobile applications, this is not always practical. Second, for accurate steady state control, closed loop flow control often depends highly on integral control action which is an inherently slow operation. For these reasons, a method of predicting the pressure/flow characteristic using a function which mapped the orifice properties for the instantaneous operating condition (supply prssure (Ps), load pressure (PL), and desired flow rate (Qd)) to a desired spool displacement was developed by the authors. In this manner, flow control could be achieved with two pressure measurements and closed loop position control of the valve spool displacement.
VALVE MAPPING
It is critical in this application to be able to predict the pressure/flow characteristics of the valve over a wide range of operating conditions. In fluid power applications, it is often tempting to apply the turbulent orifice equation introduced as Eqn. (1).
It is important to note, however, that this equation has several inherent assumptions. For instance, the value of the discharge coefficient of this equation will inevitably change as the valve spool moves and the orifice geometry changes. Also, the geometry of the spool may also be designed such that the orifice gradient ("w" in Eqn. (1)) is not constant. In that case, the orifice area does not change linearly with spool displacement. Furthermore, it is also possible that the dominant flow regime may not be turbulent at all, but rather exhibit laminar behaviour or some transition between the two. Thus, the following steps were taken to map the pressure flow characteristics for the valve.
1.
An experimental system was arranged as illustrated in Figure 2 .
2.
At a fixed operating point (Ps = constant, Temperature=constant), the valve spool was moved to a fixed position, x.
3.
With the spool at position, x, the load pressure was increased incrementally.
4.
As the load pressure was incremented, the fl ow rate, Q, was recorded.
5.
The valve spool was moved to a new position and step 3 -5 were repeated. The result was the family of curves relating flow rate to pressure drop across the valve which are shown in Figure 3 . These results are referred to hereafter as the"valve map". The values of K appeared to vary in approximately linear fashion for any given spool displacement with a slope dependant on AP and x and an intercept dependant on x. Plotting the values of slope and intercept against valve spool opening allowed for the solution of K in the following form,
where:
and (5) This allowed approximations to be made for Q over the entire operating range as illustrated in Figure 6 . It is evident from Figure 6 that the modified turbulent orifice equation showed general improvement in the midrange displacements.
The prediction for small openings still showed considerable discrepancy, however.
This translated directly into significant steady state error when the map was used for the purposes of flow control as discussed in the next section.
FLOW CONTROL USING VALVE MAPPING
To determine the feasibility of this using flow prediction with valve mapping, the proposed flow prediction method was compared to a closed loop PID system using feedback from a flow meter. The system employing a flow meter used direct feedback from a flow meter and a PID controller while the proposed method used the valve mapping function illustrated in Figure 6 to determine a desired spool position and a conventional PID displacement control loop to control the valve spool. The two systems are shown schematically in Figure 7 . Some preliminary experimental results are also presented and discussed.
The two parameters of interest from a control standpoint are the speed of response and the capability of the system to address disturbances in pressure introduced in operation by changing loads or changing supply pressure due to the operation within a load sensing system. To illustrate the speed of the response of the systems, the results of two step response tests are plotted in Figure 8 .
The steady state values of the step were chosen to correspond to midrange displacements of the spool position at the supply and load pressures used for the test. This was done to ensure that the valve map, as described by Eqn.'s (2-5), was providing an accurate representation of the pressure/flow relationship for the valve spool. Although not discussed to this point, temperature played a significant role in the flow characteristics of the valve. The temperature was not compensated for directly, but care was taken to ensure that the step response tests were performed at the same operating temperature as the experiments used to determine valve map equations. It is evident from Figure 8 that the system employing valve mapping had a rise time approximately the same as that of the system with the flow meter in the loop. This is expected as saturation of the valve driver amplifier occurred in both cases due to the large initial error signal immediately following the step.
It was also apparent; however, that the lack of integral control with respect to flow in the valve map control system introduced a large steady state error in the regions where the valve map showed marked difference from the experimental flow data ( Figure  6 ). Clearly the accuracy of the orifice map will have to be refined if this method is to be used in application.
Also of interest was the potential for disturbance rejection. It was presumed that the ability of the valve map approach to react instantaneously to changes in load pressure would improve the characteristics of the flow control in the event of changing load or supply pressure.
To test this the following experimental procedure was performed.
1.
The system with the flow meter in the loop was subjected to the step input illustrated in Figure 7 .
2.
After the system had reached steady state, the load pressure was varied manually using the relief valve.
3.
The flow rate and the load and supply pressures were recorded.
4.
The procedure was repeated with the system employing valve mapping. Operating conditions were maintained as close as possible to those in the first test.
The data presented in Figure  9 illustrated the behaviour of the two systems when a disturbance in load pressure was introduced. It was deduced from the data in Figure 9 that the dependence of the orifice area/discharge coefficient (K in Eqn. 2) on pressure difference across the valve introduced error. This highlights the need for increased accuracy in the valve map. It was also noted that system stability was decreased. This was partly due to differing initial conditions in load pressure caused by some shortcomings in experimental equipment and methods. Generally speaking, the valve mapping technique showed potential if the issue of map accuracy could be addressed.
CONCLUDING COMMENTS
It has been shown that a single orifice is capable of implementing flow control in a system with varying load pressure.
Furthermore, it was shown that control can be achieved in the absence of a flow meter with adequate modeling of the pressure/flow characteristics of the orifice in question.
It was also shown that an exceedingly accurate map of the orifice pressure/flow characteristics is required if the steady state error is to be maintained at a reasonable level. It also remains to be determined if a more accurate valve map would remove variation in fl ow as the valve experiences changes in load and supply pressure.
